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I.  INTRODUCTION 


The  metal-insulator- semiconductor  (MIS)  structure  was  used  in 
investigating  the  surface  electronic  properties  of  many  semiconductors 
(Refs.  1-4).  These  properties  are  strongly  determined  by  preparation  and 
fabrication  techniques  and  are  revealed  in  measurements  of  the  capacitance- 
voltage  (C-V)  and  conductance- voltage  (G-V)  characteristics  of  MIS  struc- 
tures. In  this  paper  the  results  of  an  investigation  of  the  electronic  proper- 
ties at  77  K of  MIS  structures  fabricated  on  monocrystalline  lead  telluride 
(PbTe)  substrates  are  reported.  Although  several  insulators  and  surface 
preparation  techniques  were  investigated,  the  discussion  here  is  limited  to 
the  results  obtained  for  devices  fabricated  with  zirconium  dioxide  (ZrO,) 
and  prepared  with  two  different  chemical  treatments. 
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II.  SAMPLE  PREPARATION  AND  DEVICE  FABRICATION 


Wafers  of  p-type  PbTe  up  to  1.5  mm  thick  were  sliced  and  diced  on  a 

stainless  steel  wire  saw  (diamond  impregnated  blade  of  0.010  in.  diam)  with 

a slurry  of  fine  grit  and  glycerine.  The  crystal  was  characterized  by  small- 

6 - 2 

angle  grain  boundaries;  etching  (Ref.  5)  revealed  etch  pit  densities  of  10  cm' 

8 - 2 

and,  near  grain  boundaries,  as  great  as  10  cm'  . Room-temperature  car- 

1 8 

rier  concentration  and  mobility  of  the  as-received  crystal  were  2X  10  holes 
cm'^  (assuming  p = (eRpj)'*)  and  735  cm^  - V * - sec'*,  respectively.  The 
normal  to  the  sample  surfaces  was  determined  to  be  within  5 deg  of  <100>. 

Sample  carrier  concentration  was  controlled  by  using  an  isothermal 
annealing  technique  that  was  described  by  Brebrick  and  Gubner  (Ref.  6). 

Prior  to  annealing,  the  sample  thickness  was  reduced  to  nominally  0.  8 mm 
by  lapping  first  on  water-moistened  600  grit  paper  and  then  on  a silk-covered 
wheel  with  0.  3 pm  alumina  powder  moistened  with  a detergent- water  solution. 
A final  1 to  5 pm  of  material  was  removed  by  lapping  on  a felt  wheel  with  a 
solution  of  iodine  and  methanol  (Ref.  7).  Samples  were  then  rinsed  thoroughly 
in  methanol  and  distilled  water  and  sealed  off  in  an  annealing  ampoule  at  a 
pressure  of  less  than  10  Torr. 

Following  annealing  and  immediately  prior  to  insulator  deposition,  one 
of  two  final  surface  treatments  was  used.  In  order  to  remove  approximately 
1 pm  of  material,  all  samples  were  again  lapped  on  a felt  wheel  with  a solu- 
tion of  iodine  and  methanol,  rinsed  in  methanol  and  distilled  water,  and  dried 
in  a stream  of  argon  gas.  An  additional  2 pm  of  material  were  removed  from 
some  of  these  samples  during  a second  treatment  that  consisted  of  the  follow- 
ing process  (Ref.  8): 

1.  Immerse  for  10  s in  a 9/1  solution  of  potassium  dichromate  and 
nitric  acid 

2.  Rinse  in  distilled  water 

Jjt 

Purchased  from  Atomergic  Chemical  Company,  Long  Island,  New  York. 
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Immerse  for  30  s in  a solution  of  warm  (40  °C)  50%  sodium 
hydroxide 

4.  Rinse  in  distilled  water 

5.  Immerse  in  dilute  HC1 

6.  Rinse  in  distilled  water 

7.  Dry  in  a stream  of  argon  gas. 

Samples  were  immediately  mounted  in  special  holders  for  deposition  of 

ZrO^  in  an  oil-pumped,  electron-beam  evaporator  system.  Spectrographic 

grade  ZrO^  (pressed  powder  from  Wah  Chang  Corporation  or  grey  pellets 

from  EM  Laboratories,  Inc.  ) was  outgassed  at  a moderate  temperature  (a 

few  hundred  degrees  centigrade)  before  being  deposited  in  a controlled  oxygen 

- 4 ° 

background  pressure  of  5 X 10  Torr  at  a rate  of  20-25  A/s.  No  effort  was 
made  to  control  the  substrate  temperature,  which  may  have  increased  to 
approximately  40°C  during  the  deposition.  Deposition  times  were  limited  in 
order  to  obtain  film  thicknesses  of  approximately  1500  A. 

o o 

Circular  field  electrodes  (30  A chromium,  500  A gold,  and  2 \±m 

.4 

indium)  were  evaporated  through  a hard  mask  with  apertures  of  4.  2 X 10 
-4  2 

and  1.4X  10  cm  by  standard  electron  beam  procedures.  This  step  re- 
quired a brief  exposure  of  the  substrates  to  the  ambient  for  placement  of 
samples  in  the  mask  holders. 
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III.  C-V  AND  G-V  RESULTS 


For  a basis  of  comparison  with  experimental  results,  calculated  C-V 

characteristic  curves  are  presented  in  Fig.  1 for  the  low-  and  high-frequency 

response  of  a PbTe  MIS  capacitor  following  the  full  statistical  treatment  of 

Marcus  (Ref.  9).  Results  are  shown  for  n-type  substrates  with  temperature 

17  -3 

= 77  K,  carrier  concentration  = 5X  10  cm  , ratio  of  insulator  dielectric 

_2  o _ l 

constant  to  thickness  =10  A PbTe  band  and  material  parameters  were 
taken  from  a review  article  by  Dalven  (Ref.  10).  It  is  clear  from  Fig.  1 that 
small  capacitance  changes  are  to  be  expected  experimentally,  and  that  insu- 
lator dielectric  strengths  in  excess  of  10  V-cm  * are  required  in  order  to 
obtain  surface  potential  control. 

C-V  characteristic  curves  obtained  at  77  K for  MIS  structures  fabricated 
on  n-  and  p-type  substrates  are  shown  in  Fig.  2.  On  most  devices,  insulator 
breakdown  voltages  were  greater  than  5X  10^  V-cm  the  film  dielectric 
constant  was  determined  to  be  approximately  15.  These  C-V  characteristics 
are  typical  of  those  obtained  on  devices  that  received  the  iodine-methanol 
surface  treatment  prior  to  insulator  deposition.  The  capacitance  minima 
appear  at  a positive  (negative)  voltage  for  p-type  (n-type)  substrates,  as  ex- 
pected. The  small  changes  in  capacitance,  of  the  order  of  3%,  are  consistent 
f with  calculations,  but  the  slope  (dC/dV)  of  the  measured  capacitance  in  the 

region  near  the  capacitance  minimum  is  less  steep  than  calculated.  It  should 
be  noted  that  these  curves  were  obtained  after  the  structures  were  baked  for 
65  h in  air  at  80°  C,  which  dramatically  reduced  hysteresis  effects  in  the 
iodine -methanol  polished  samples. 

The  C-V  characteristic  curves  obtained  for  the  n-type  device  shown  in 
Fig.  2 at  1,  10,  and  100  kHz  are  shown  in  Fig.  3.  The  variation  in  capaci- 
tance at  different  frequencies  can  be  attributed  to  the  frequency  dependence  of 
the  ZrO^  capacitance  that  was  observed  in  measurements  of  metal-insulator- 
metal  (M1M)  capacitors  fabricated  with  the  MIS  capacitors.  The  closed  points 
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Figure  1.  Calculated  Low-Frequency  (A)  and  High- Fr  eq\iency 
(B)  C-V  Characteristics  for  a PbTe  MIS  Capacitor 
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Experimental  C-V  Characteristics  for  the  Iodine -Methanol 
Treated  PbTe  MIS  Device  in  Curve  A of  Figure  2.  Field 
plate  area  = 4.9  X 10"^  cm^t  insulator  thickness  = 1590  A., 
and  voltage  sweep  rate  = 40  V/min.  The  device  was  baked 
at  80°C  for  65  hr.  Curve  A,  f = 10^  Hz;  curve  B,  f = 10^  H: 
curve  C,  f = 10^  Hz.  Closed  points  are  MIS  capacitance 
values  corrected  for  the  voltage  dependence  of  the  insulator 
capacitance. 


were  obtained  by  subtracting  a small  voltage-dependent  MIM  capacitance 
(Fig.  4)  from  the  total  measured  MIS  capacitance.  The  primary  effect  of 
such  a calculation  is  to  flatten  the  characteristic  at  large  applied  bias  such 
that  the  attainment  of  the  accumulation  capacitance  at  V a;  20  V is  implied. 

In  Fig.  3,  the  transition  to  high-frequency  behavior  occurs  near 
100  kHz.  This  frequency  is  much  greater  than  the  high-frequency  limit 
(approximately  100  Hz  for  a minority  carrier  lifetime  of  5 ns)  calculated 
from  bulk  considerations  (Ref.  11).  It  is  concluded,  therefore,  that  inter- 
facial states  determine  the  frequency  response  of  the  device  up  to  approxi- 
mately 100  kHz.  The  contribution  of  these  interfacial  states  to  the  capaci- 
tance depends  on  frequency  and  bias,  as  can  be  seen  in  the  region  of  negative 
bias  for  curves  A and  B (Fig.  3).  This  interfacial  behavior  is  reflected  by 
the  G-V  characteristics  that  were  obtained  on  this  device  (Fig.  5).  Such 
overall  behavior  indicates  the  presence  of  an  equivalent  interfacial  state 
capacitance  comparable  in  magnitude  to  the  depletion  layer  capacitance 
(~ 8 X 10"7  F/cm2). 

The  C-V  characteristic  curves  in  Fig.  6 were  obtained  for  an  MIS 
structure  whose  surface  was  treated  with  the  potassium  dichromate-nitric 
acid  solution  as  described  in  Section  II.  These  curves  are  typical  of  those 
obtained  with  this  surface  treatment  and  shov'  large  hysteresis  effects. 
Neither  a bake  for  24  h in  air  at  80°  C nor  bakes  for  1 h in  flowing  hydrogen 
gas  at  80°  C and  3 h at  150°C  reduced  the  hysteresis  or  altered  the  C-V  and 
G-V  characteristics.  Evidently,  this  highly  oxidizing  treatment  results  in 
the  creation  of  an  interfacial  trap  level  (or  levels)  that  is  stable  with  respect 
either  to  further  oxidation  (air-bake)  or  reduction  (hydrogen  bake).  Further- 
more, the  position  of  the  capacitance  minimum  at  positive  gate  bias  in  Fig.  6 
indicates  that  the  surface  of  the  n-type  substrate  is  inverted  and  becomes 

somewhat  less  inverted  with  increasing  frequency.  For  inversion  to  occur, 

1 3 

a negative  charge  layer  of  magnitude  approximately  1 /q  (CAV)  «9.  OX  10 
- 2 

e /cm  is  required.  The  presence  of  this  layer  may  also  be  the  result  of  the 
surface  treatment. 
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Figure  4. 


Experimental  C-V  Characteristics  for  a ZrO?  MIM 
Device.  Curve  A,  f = 10^  Hz;  curve  B,  f = 10^  Hz. 
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Figure  6.  Experimental  C-V  Curves  for  a Potassium  Dichromate- 
Nitric  Acid  Treated  PbTe  MIS  Device.  Carrier  concen- 
tration = 5 X 1017/cm  (n-type);  insulator  thickness  = 
1500  A;  field  plate  area  = 4.5  x 10'5  cm  . Curve  A. 
f = 10^  Hz;  curve  B,  f = 1 04  Hz;  curve  C,  f = 3 x 104  Hz. 
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On  several  devices  prepared  with  the  second  treatment,  however,  the 
capacitance  minimum  moved  across  the  = 0 axis  for  sufficiently  large 
voltage  excursions  (Fig.  7).  Such  effects  have  been  reported  on  MIS  struc- 
tures of  anodic  oxides  on  p-  and  n-type  indium  antimonide  (2)  and  may  be  due 
to  interfacial  traps  for  majority  as  well  as  minority  carriers.  Since  this 
capacitance  minimum  shift  did  not  occur  over  a ±80  V range  of  similarly 
prepared  p-PbTe,  however,  it  appears  that  interfacial  traps  for  majority 
carriers  only  are  sufficient  qualitatively  to  explain  such  behavior. 


In  an  effort  to  relate  the  chemical  composition  of  the  surface  to  the 
measured  electrical  properties,  x-ray  photoelectron  spectra  were  obtained 
on  samples  that  had  received  the  surface  treatments  described.  Preliminary 
spectra  show  a pronounced  difference  between  the  peak  height  ratios  of  two 
tellurium  peaks  (the  3d an<^  ^3/2^  ^le*r  associated  oxides.  Identifica- 
tion of  the  peaks  was  aided  by  an  independent  run  with  pure  tellurium  and 
comparison  with  previously  reported  lead  telluride  and  tellurium  oxide  spectra 
(Ref.  12).  It  is  not  now  known,  however,  whether  the  tellurium  peaks  should 
be  associated  with  neutral  tellurium  or  a charged  state.  Nevertheless,  these 
preliminary  results  indicate  that  the  effect  of  the  second  surface  treatment 
with  potassium  dichromate  and  nitric  acid  relative  to  the  first  with  iodine  and 
methanol  is  to  increase  the  surface  tellurium  concentration  relative  to  the 
tellurium -oxide  concentration.  These  data,  in  conjunction  with  the  observed 
high  electrical  activity  of  devices  that  were  prepared  with  the  potassium 

dichromate-nitric  acid  etch,  imply  that  the  electrical  activity  of  the  PbTe-ZrO. 

• • 2-  < 
interface  increases  as  the  surface  concentration  of  tellurium  (perhaps  Te  ") 

increases  relative  to  the  concentration  of  TeO^.  It  is  interesting  to  note  that 

an  excess  surface  tellurium  concentration  appears  to  play  a key  role  also  in 

the  surface  electrical  activity  of  planar  arrays  of  photodiodes  of  a related 

material  (Pb,  Sn)Te  (Ref.  12). 
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Figure  7 


. Experimental  C-V  Characteristics  for  a Potassium 
Dichromate-Nitric  Acid  Treated  n-Type  PbTe 
Substrate 
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IV.  CONCLUSIONS 


These  experimental  results  are  important  for  assessing  the  suitability 
of  PbTe  for  use  as  substrate  material  in  charge- coupled  devices.  The  results 
indicate  that  two  initial  requirements  for  such  use  have  been  met  in  (1)  ob- 
taining an  electrically  stable  insulator  of  high  dielectric  strength,  and  (2) 
demonstrating  surface  potential  control  from  accumulation  through  inversion 
in  a manner  generally  consistent  with  theoretical  expectations.  Such  con- 
sistency, it  should  be  noted,  was  not  shown  by  previously  reported  C-V  data 
obtained  on  PbTe  films  (Ref.  13).  The  most  successful  results  have  been 
obtained  on  substrates  that  were  prepared  with  an  iodine-methanol  polish. 

Interfacial  state  densities  remain  high,  however,  and  must  be  reduced 
if  efficient  charge  transfer  or  charge  injection  is  to  be  realized.  More  work 
is  required,  particularly  in  surface  preparation,  in  order  to  passivate  the 
surface  and  develop  the  relationships  between  surface  preparation  and  surface 
electrical  properties. 
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THE  IVAN  A.  GETTING  LABORATORIES 


The  Laboratory  Operations  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver- 
satility and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opments is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Acrophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans- 
fer, reentry  physics,  chemical  kinetics,  structural  ^ cs,  flight  dynamics, 

atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmoi- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  pnenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi- 
conducting. superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  ancl  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue-induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory;  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tions in  space  on  space  systems. 
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